INTRODUCTION
Disturbance is regarded as an important determinant of biotic spatial and temporal patterns (Huston 1994) , although the term has been used for many different processes and factors affecting biotic communities. It covers biotic or abiotic processes of natural or anthropogenic origin that affect only the biota or destroy habitats in episodic events or by prolonged stresses (Mackey & Currie 2001) . The effects of disturbance of anthropogenic origin on marine benthic organisms have been described for cases of organic pollution (Pearson & Rosenberg 1978) , mine tailings disposal (Olsgard & Hasle 1993) , heavy metal pollution (Stark 1998) , mechanical disturbance of sediments by fish and shrimp trawling (Kaiser et al. 2000) , dredge spoils dumping (Rhoads et al. 1978) and ballast water disposal (Blanchard et al. 2003) . Natural disturbances that affect benthic communities include both largescale phenomena, such as storms (Hall 1994) , tidally induced sand movement, unusually low temperatures and salinities, hypoxia (Santos & Simon 1980) , deposi-ABSTRACT: The activity of Arctic tidal glaciers results in high turbidity, high rate of inorganic particulate sedimentation and sedimentary instability in near-glacier marine basins. The chronic physical disturbance of sediments is accompanied by low input levels of organic matter. The response of soft-bottom macrofauna to glacial disturbance was studied in Kongsfjord, Svalbard. The quantitative characteristics of the macrofauna of 4 associations located along a gradient of glacier-induced disturbance were examined. Benthic biomass decreased with increased proximity to the glacier (from 10.9 g wet weight (ww) m -2 in the outermost association to 2.7 g ww m -2 in the glacial bay). Faunal density was highest in the transitional zone (592 ind. 0.1 m ). The average individual biomass was lowest in the glacial bay as a result of the smaller body size of organisms. A decrease in the size of organisms in disturbed sites was not accompanied by a classical shift from 'equilibrium' to 'opportunistic' species. The functional structure of the faunal associations was simplified in the impoverished glacial bay association where 1 guild, the mobile surface-detritus feeders, strongly dominated. Average species number per sample was lowest in the glacial bay (22 species) and highest in the transitional association (42 species). Species diversity expressed by the Shannon-Wiener and Hurlbert rarefaction indices and evenness expressed by the Pielou index was lower in the glacial bay than in the remaining associations. The decrease in biomass, mean size of organisms, species diversity and evenness as well as the peaked distribution (i.e. maximum in the transitional zone) of density and species richness are consistent with patterns reported in studies of different natural and anthropogenic disturbances. Some distinct features of the case of glacial-induced disturbance include relatively high taxonomic distinctness and low beta diversity and low faunal dispersion in the near-glacier association.
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Resale or republication not permitted without written consent of the publisher tion of fluvial sediments (Aller & Stupakof 1996) and small-scale biologically mediated events such as bioturbation (Hall 1994) . These natural phenomena can influence benthic communities already disturbed by anthropogenic impacts in coastal waters of highly populated temperate latitudes, thus making the assessment of the causes of community disturbance uncertain. Causal relationships between natural disturbance processes and accompanying ecological patterns can be more easily understood in polar regions where anthropogenic impacts are relatively low and some areas are still among the most pristine in the world (Clarke & Harris 2003) .
Tidal glaciers, usually situated in the inner parts of Arctic fjords, discharge meltwaters loaded with high levels of particulate mineral material, much of which sediments to the bottom in inner fjord areas (i.e. glacial bays). The animals dwelling in glacial bays are exposed to chronic physical disturbance (Gorlich et al. 1987 , Syvitski et al. 1989 . High sedimentation results in the formation of unconsolidated, easily eroded sediments, which are readily and frequently resuspended and redeposited (Syvitski et al. 1987) . Bottom-dwelling organisms may be buried, larval settlement may be hindered, filtering appendages of suspension feeders may become clogged by inorganic particles and the tubes of tube-building organisms may be buried thereby impeding irrigation and leading to suffocation (Moore 1977 , Hall 1994 . In addition, the infauna must tolerate episodic catastrophic events such as iceberg scouring, sediment slides and gravity flows (Dowdeswell 1987) . Moreover, the high turbidity reduces primary production in the water column, and organic matter sedimenting to the bottom is diluted by the high inorganic sediment load (Gorlich et al. 1987) . These processes (high turbidity, high inorganic sedimentation rate, high instability of sediments and low amount of organic matter) are interconnected, and separation of their effects on benthic communities is difficult. However, as clear disturbance effects can be delineated, a 'glacier-induced disturbance' or complex of stress-generating factors can be ascertained. They originate primarily from the tidal glacier activity (meltwater discharge) with intensity decreasing with distance from the glacier front.
The increase of input of terrigenous mineral material to the oceans is one of the predicted climate change consequences. Glacial retreat, currently observed both in Arctic and in the Antarctic, is accompanied by an increase in meltwater outflow and a flux of inorganic particles to the sea (Svendsen et al. 1996) . Wheatcroft (2000) predicted that the supply of fluvial waters and sediment material into the ocean will increase in the future due to both human land exploitation and climate warming, resulting in an increase in precipitation. Increased sediment loads to coastal waters may also result from such human activities as deforestation, dredging, industrial and domestic discharges, construction activities and aquaculture (Airoldi 2003) and can be regarded as one of the major threats to marine biodiversity .
The gradient of glacier-induced disturbance is mirrored by a succession of faunal associations, which was described for Kongsfjord, Spitsbergen by Wlodarska- Kowalczuk & Pearson (2004) . Our objective in this paper is to quantify faunal density and biomass, species dispersion and diversity and the trophic structure of the biota along the disturbance gradient resulting from glacial sedimentation. Writing on disturbance and diversity relationships, Rosenzweig (1995) noted that 'the processes that produce the patterns will work regardless of the source of the disturbance'. We will compare the patterns found in soft-bottom macrobenthic communities exposed to glacier-induced disturbance to published cases of alternative natural and anthropogenic disturbances to find the common effects, irrespective of the disturbance agents.
MATERIALS AND METHODS
Study area. Kongsfjord is a 26 km long open (i.e. no sill at entrance) fjord situated on the western coast of Spitsbergen at 79°N, 12°E (Fig. 1) . The maximum depth is ~350 m. Three large tidal glaciers terminate in the fjord waters: Kongsbreen, Conwaybreen and Blomstrandbreen. Small icebergs are observed throughout the fjord year round. Large icebergs (up to 10 m high) circulate or stay anchored in the inner basin. The main water masses of the Kongsfjord include Surface Waters originating from glacier meltwater outflows, Transformed Atlantic Waters originating on the Spitsbergen shelf, Local Fjordic Waters and Winter Bottom Waters formed by a process of deep convection in the winter (Svendsen et al. 2002) .
In Kongsbreen glacial bay very high concentrations of suspended inorganic particles in the water (300 to 500 mg dm ; Svendsen et al. 2002) . In glacial bays the deposited material is not compacted and the water content in surface sediments is high (A. Zaborska pers. comm.). The combination of high sedimentation, iceberg scour, frequent sediment slides and gravity flows results in the formation of unconsolidated, easily eroded sediments (Dowdeswell 1987 , Syvitski et al. 1987 , and the stability of the sediments decreases the closer one gets to the glaciers. The stability of the sediments in different parts of Kongsfjord both influences and is influenced by the benthic fauna. In the glacial bay the fauna is dominated by mobile protobranch bivalves, which are known to destabilize the sediment, while in the outer basin the fauna is dominated by large, tube-dwelling polychaetes, which stabilize sediment (WlodarskaKowalczuk & Pearson 2004) .
The organic carbon content in the sediments decreases from > 2.5 mg g -1 at the fjord mouth to < 0.2 mg g (Fig. 1) in July 1997 and 1998 from RV 'Oceania', sieved (0.5 mm mesh), and the macrofauna extracted, counted and identified to the lowest possible taxon. The organisms were weighed, and the wet formalin biomass (B ) of each phylum was determined. Molluscs were weighed with shells, the polychaetes without tubes. The large anemone Cerianthus sp. was omitted from biomass estimates as its very high biomass and infrequent occurrence were likely to skew the data. The average individual biomass (AIB ) in each sample was calculated as biomass divided by abundance. AIB was used as an estimation of the average organism size in a sample.
Multivariate analyses were performed on a data matrix of species abundances in the samples to distinguish faunal associations. The similarities between samples were calculated using the Bray-Curtis index. Multidimensional scaling (MDS) of double-root transformed data for all samples was carried out. Such a transformation gives a 'balanced' view of community structure by reducing the influence of the numerically dominant species. Differences in macrofauna density and AIB between associations were identified using 1-way ANOVA. The normality of distribution of density and AIB (as well as other metrics in the following analyses) in associations was tested with the use of the Shapiro-Wilk test and the homogeneity of variance with the use of the BrownForsyth test. Density and AIB were log-transformed prior to analyses to assess the normality of data distributions in associations and the homogeneity of variance. Post hoc comparative tests were carried out with the use of Fisher's least significant difference (LSD) tests. The differences in B between associations were tested using the non-parametric Kruskal-Wallis test, as even after transformations of data the homogeneity of variance could not be assessed. Post hoc testing was carried out with the use of pair-wise Mann-Whitney U-tests.
Each of the 4 associations described below were found over a range of depths. The association GLAC (38 to 83 m) and TRANS (72 to 125 m) were composed of samples taken in shallower sites than CENTR (258 to 380 m) and ENTR (155 to 258 m). To find out if the studied metrics were related to depth, we carried out the analyses of model I linear regression of density, B and AIB to depth.
Species richness defined as the total number of species in a sample (S ), species diversity measured using the Hurlbert index calculated for 100 individuals (ES [100 ] ) and the Shannon-Wiener log e -based index (H ' ) were calculated. The evenness (equitability) of distribution of individuals between species was calculated as the Pielou index (J ). The differences in S, ES [100 ] , H ' and J between the associations were tested using one-way ANOVA. S and H ' were logtransformed prior to analysis to assess the normality of data distributions in associations and the homogeneity of variance. Fisher's LSD tests were used for post hoc multiple comparisons. The relationship of S, ES [100 ] , H ' and J to depth was investigated using model I linear regression.
To explore the taxonomic diversity of samples, 2 measures of taxonomic distinctness were calculated: AvTD (average taxonomic distinctness of presence/ absence data) and varTD (variation in taxonomic distinctness) . The taxonomic diversity measures differ from other metrics of species richness and species diversity in that they include information on the taxonomic position of species. AvTD describes the average taxonomic distance (the 'path length' between 2 species following Linnean taxonomy) of all species in an association. varTD is defined as the variance of the taxonomic distances between all pairs of species in the association. Six taxonomic levels were used in calculations: species, genus, family, order, class and phylum, and equal step levels between successive taxonomic levels were assumed. Differences between associations were identified using 1-way ANOVA for varTD and the nonparametric Kruskal-Wallis test for AvTD (as the homogeneity of variance could not be assessed even after data transformations). Post hoc testing was carried out using Fisher's LSD tests and Mann-Whitney U-tests.
The diversity of functional groups (guilds) was analysed. All species were classified by their feeding mode and comparative mobility according to Fauchald & Jumars (1979 ), Feder & Matheke (1980 and unpublished observations. Fifteen guilds representing combinations of 5 feeding types -carnivores, herbivores, suspension feeders, surface detritus feeders, subsurface detritus feeders (burrowers) -and 3 mobility types -sessile, discretely mobile, mobile -were considered. The number of guilds and percentage of each functional group in the total number of organisms were calculated.
α and β diversities represent 2 different aspects of diversity measurements. α diversity is diversity of a defined spatial unit -in our case species richness, species diversity, taxonomic distinctness or functional group diversity of a sample. β diversity does not measure the diversity of the spatial unit itself but the extent to which the diversity of 2 or more spatial units differ, i.e. the spatial heterogeneity of the association (Magurran 2004 ). Here we applied 3 categories of β diversity measures (Magurran 2004 ).
(1) β w : a measure of the extent of the difference between α diversity of several spatial units in relation to the γ diversity (regional diversity) (Whittaker 1972) . When treating species richness in associations as γ diversity, we calculated β w for each association as β w = (γ/ά)-1, where ά is an average number of species in a sample and γ is total number of species in the association.
(2) C: complementarity (or 'biotic distinctness') -the percentage of all species in 2 samples, which occur in only one or the other of them (= are 'complementary') (Colwell & Coddington 1994) . C may vary from 0% (identical species lists) to 100% (completely distinct species lists). We calculated it using EstimateS (V.7.5, R. K. Colwell, http://purl.oclc.org/estimates). The differences in C between the associations were identified using the non-parametric Kruskal-Wallis test (the homogeneity of variance could not be assessed even after transformations of data). Pair-wise Mann-Whitney U-tests were used for post hoc multiple comparisons.
(3) Species accumulation plots which exploit the turnover related to the accumulation of species with increased sampling area (Magurran 2004) . The curvilinear plots show the cumulative number of different species observed as each new sample is added, the curves being averaged over 999 permutations of randomly ordered samples.
The Index of Multivariate Dispersion (IMD) of Warwick & Clarke (1993) is an expression of multivariate variance among samples. IMD was calculated for associations to quantify the differences in faunal variability between associations. The increased variability among samples was proposed as one of the diagnostic features of disturbed communities (Warwick & Clarke 1993) . The relative variability between groups of samples can be expressed in a relative dispersion RS sequence in which the larger values correspond to greater withingroup dispersion (Clarke & Warwick 1994) . The IMD compares average ranks of similarities among samples in 2 groups of samples and can range from +1 (all similarities among samples in one group are lower than any similarities in the other one) to -1 (no differences between groups).
All data analyses were carried out using the PRIMER Package (Clarke & Warwick 1994 ) and the Statsoft software STATISTICA v.6.
RESULTS
Four faunal associations located along the fjord axis were distinguished: (1) GLAC, including stations situated in the inner glacial bay in proximity to the Kongsbreen and Conwaybreen glaciers; (2) TRANS, including stations situated close to the Lovenoyane islands next to the Kongsbreen glacial bay, or close to Blomstrandbreen, a less active glacier terminating in the middle of the fjord; (3) CENTR, including stations situated in the central and outer parts of the fjord; (4) ENTR, including stations situated at the entrance of the fjord (Fig. 1) . The details of the distribution and species composition of these associations as well as the results of more detailed multivariate analyses (including clustering of samples and application of different transformations of data) are described by WlodarskaKowalczuk & Pearson (2004) .
There were significant differences between the various associations in density, B and AIB (ANOVA F = 8.22, p < 0.001 for density, F = 8.18, p < 0.001 for AIB, Kruskal-Wallis test H = 13.30, p < 0.01 for B). There were significant differences (p < 0.05, Fisher's LSD) in density for all pairs of associations except for the GLAC-CENTR pair. Mean density was the highest in samples of the TRANS association, lower in the GLAC and CENTR associations, and lowest in the ENTR association (Table 1) . Mean B and AIB were lower in the GLAC association than in the other associations (Table 1) . Post hoc multiple comparisons showed that B was significantly different only for the pairs GLAC-TRANS and TRANS-CENTR (Mann-Whitney U-test, p < 0.05), while AIB was significantly different in the pairs GLAC-TRANS, GLAC-ENTR, TRANS-ENTR and CENTR-ENTR. There was no significant relationship between density, B or AIB and depth (model I linear regression: p = 0.15, 0.68, 0.65 respectively).
Two main patterns of distribution were found among the 12 most numerous species in the fjord. Some occurred mainly in the GLAC and TRANS associations (the bivalve Yoldiella solidula and polychaetes of the Chaetozone group, Chone paucibranchiata and Cossura longocirrata), while others occurred only in the TRANS, CENTR and ENTR associations (the polychaetes Lumbrineris sp., Leitoscoloplos sp., Levinsenia gracilis, Maldane sarsi and Heteromastus filiformis) (Fig. 2) . Individuals of the bivalve species Axinopsida orbiculata and Y. lenticula and the polychaete Prionospio sp. were located mainly in one association (Fig. 2) .
There were significant differences between associations in all species richness and species diversity indices used (ANOVA F = 32.15, p < 0.001 for S, F = 77.52, p < 0.001 for H, F = 96.90, p < 0.001 for ES [100 ] and F = 22.43, p < 0.001 for J ). There were significant differences (p < 0.05, Fisher's LSD) in these metrics for all pairs of associations except for TRANS-ENTR and CENTR-ENTR for S and TRANS-ENTR for H and J. S, H, ES [100 ] and J were lowest in the GLAC association (respectively 22.2 ± 5.6 SD, 1.89 ± 0.22 SD, 12.8 ± 2.2 SD, 0.62 ± 0.05 SD, Fig. 3) . S was highest in the TRANS association (42.2 ± 6.5 SD).
There was no significant relationship between J and depth (model I linear regression, p = 0.09). The results of regression of S, ES [100 ] and H ' to depth were significant (p < 0.05), but the relationship was very weak (R = 0.26, 0.29 and 0.25 respectively) -the regression to depth explains only 6 to 8% of the variation of these metrics (r 2 = 0.07, 0.08 and 0.06 respectively). AvTD was highest while varTD was lowest in the GLAC association (Fig. 4 ). There were significant differences in these measures between associations (Kruskal-Wallis test H = 49.18, p < 0.001 for AvTD, ANOVA F = 14.06, p < 0.001 for varTD). There were significant differences (p < 0.05, Mann-Whitney U-test) ) in each association of the most abundant species in the fjord. Species with a dominance exceeding 2% are presented in AvTD for all pairs of associations except TRANS-ENTR and CENTR-ENTR. There were significant differences (p < 0.05, Fisher's LSD) in varTD for GLAC-TRANS, GLAC-CENTR and GLAC-ENTR. The number of functional groups was lowest in the glacial bay (11 groups, Table 2), while 14 to 15 occurred in other associations. The GLAC association was dominated by 1 guild -mobile surface-detritus feeders (67%), while discretely mobile suspension/surface-detritus feeders comprised 13% of the fauna. Remaining guilds each accounted for < 5%. In the TRANS, CENTR and ENTR associations, the most abundant guild accounted for around 30% of the fauna. In the TRANS association mobile surfacedetritus feeders made up 32% and mobile subsurface detritivores 22% of the assemblage. Mobile species capable of both suspension and deposit feeding made up 5 to 13% of the GLAC and TRANS associations but were poorly represented in the CENTR and ENTR associations. Mobile carnivores were well represented in the CENTR and ENTR associations (17 and 15%, respectively) but less dominant in the TRANS and GLAC associations (7 and 4%, respectively). The number of sedentary suspension feeders was highest in the TRANS and ENTR associations but low in the GLAC and CENTR areas. In general, the distribution of the fauna among the functional groups was more even in the TRANS, CENTR and ENTR associations than in the GLAC association.
β w was high both in the CENTR association (2.99) and in the GLAC association (2.61). It was lower in the TRANS association (2.13) and lowest in the ENTR association (1.77). C was lowest in GLAC (57.5 ± 7.1) and increased towards the entrance of the fjord (59.6 ± 7.3 in TRANS, 61.9 ± 7.9 in CENTR, 64.6 ± 7.1 in ENTR). There were significant differences between associations in C (Kruskal-Wallis test H = 49.03, p < 0.001). Post hoc multiple pair-wise testing showed significant differences between all pairs of associations (p < 0.05, Mann-Whitney U-test). None of the species accumulation curves stabilised towards asymptotic values (Fig. 5) . The species accumulation curve representing the GLAC association was the least steep and lay below the curves representing other associations (Fig. 5) .
The GLAC association samples were less scattered than samples of remaining associations on the MDS plot (Fig. 1) . The RS was much lower in the GLAC association (0.68) than in other associations (1.14 in TRANS and CENTR, 1.43 in ENTR). The IMD also showed that the dispersion was lower (and the withingroup similarity higher) in GLAC than in all other associations (Table 3) .
DISCUSSION
The disturbance caused by the Kongsbreen glacier resulted in clear patterns of change in the benthic fauna. Four faunal associations were located along the gradient of the glacial disturbance/increasing distance from the glaciers. In areas with high disturbance, the fauna was dominated by small-bodied surface-depositfeeding species with low biomass and low diversity. As distance from the glacier increased, both biomass and diversity increased and the trophic structure became more complex. The near-glacier association (GLAC) consisted of the shallowest stations, while the outermost association (ENTR) was located in the deepest part of the fjord, so the depth was initially considered as a potentially confounding variable in the interpretation of our results. However, regression analysis indicated that the patterns of change in the macrofauna were unrelated to depth, while the differences between associations were very clear (p < 0.001), strongly suggesting that the patterns that we observed were more likely to be related to distance from the glacier and hence to the level of glacial disturbance.
The highest faunal density in Kongsfjord was noted in the TRANS association -the second in a series of associations along the glacier-derived disturbance gradient. In Pearson & Rosenberg's (1978) organic enrichment gradient model, the maximum abundance of the macrofauna was also found at a short distance from the area of maximum disturbance. In this model a small number of opportunistic species colonised organically enriched sediments and became extremely abundant in areas immediately beyond the area of maximum pollution. In these locations the environmental conditions were sufficiently harsh to exclude other competing species. In Kongsfjord the maximum density in the TRANS association was also consistent with its transitional character. The species dominating in the glacial bay, mostly small mobile bivalves and polychaetes adapted to high mineral sedimentation and unstable sediments, remained abundant in the TRANS association but then either disappeared or diminished greatly as one gets closer to the fjord mouth. On the other hand, the TRANS association also included high densities of species, often large tube-dwelling polychaetes, which were dominant in the central part of the fjord but absent in the dynamic environment close to the glacier.
Disturbance gradients are often accompanied by a decrease in benthic biomass, e.g. in areas severely disturbed by fish trawling (Jennings et al. 2001) , increased fluvial sedimentation (Aller & Stupakoff 1996) , deepsea nodule mining (Ingole et al. 2001 ) and organic enrichment (Pearson & Rosenberg 1978) . In an Arctic fjord, the low biomass in areas near glaciers may result both from physical disturbance and the low quantities of available organic matter (Gorlich et al. 1987) .
Disturbed areas are usually colonised by surfacedwelling organisms that are restricted to the sediment -water interface (e.g. Pearson & Rosenberg 1978 , Rhoads et al. 1978 , Aller & Stupakoff 1996 , Kaiser et al. 2000 . Large-bodied, deeply penetrating and effective bioturbators, which often act as structural species by maintaining spatial complexity, are often eliminated (Widdicombe et al. 2004) . Mean average individual biomass (AIB) was lowest in the glacial bay as the GLAC association was composed of organisms smaller than those found in associations situated further from the glacier. The organisms' size and depth of sediment penetration as well as the complexity of the physical structure of the community decrease the closer one gets to the glacier (Wlodarska- Kowalczuk & Pearson 2004) . Small mobile bivalves and polychaetes, which stay on or close to the sediment surface, dominate the glacial bay fauna. The central basin associations include large tube-dwelling, deeply burrowing polychaetes -structural species such as Spiochaetopterus typicus or Maldane sarsi. They are accompanied by In pollution impact studies, the small, abundant species colonising disturbed sediments are usually opportunists sensu Grassle & Grassle (1974) . The 'peak of opportunists' was reported for sites impacted by organic pollution (Pearson & Rosenberg 1978) , for sediments deprived of benthic fauna by acute, catastrophic disturbance as with intensive mine tailings discharge (Olsgard & Halse 1993) or after manipulated defaunation of sediments in experimental studies (McCall 1977) . Kendall et al. (2003) stated that none of the species dominating in the Kongsfjord glacial bay could be classified as truly opportunistic species. For example, Chaetosone setoza was reported to have lecithotrophic development in Arctic waters (Curtis 1977) . The larval shells of Yoldiella solidula, Y. lenticula and Thyasira dunbari also suggest that these species have a lecithotrophic mode of dispersal (A. Warén pers. comm.). The other dominants are known to brood the low numbers of offspring they produce (Kendall et al. 2003) ; such traits do not fit the classical definition of an opportunist. It appears that species dominating in nearglacial sites are better adapted to resist disturbance rather than to respond to disturbance by employing special life-history traits. A classical successional shift from 'opportunistic' to 'equilibrium' species was observed neither in areas exposed to high rates of inorganic sedimentation resulting from mine tailings discharge (Lancellotti & Stotz 2004) nor along a gradient of chronic physical disturbance caused by 'benthic storms' in the deep sea (Aller 1997) . The nature of disturbance described by Aller (1997) is similar in many respects to that in the glacial bays as it is abiotic, natural and chronic, influencing sediment stability and sedimentary deposition in the near-bottom water layers, as well as being accompanied by a low input of organic matter.
The dynamic equilibrium hypothesis states that diversity is maintained by the equilibrium between mortality-causing disturbances and rate of competitive displacement, the latter depending on the growth rates of populations (Huston 1979) . In the glacial bay the loading of mineral material induces both a high intensity of disturbance and low primary productivity. With a low intensity of disturbance the low productivity results in a low rate of competitive displacement, and thus the high diversity is maintained. With a high intensity of disturbance, the low productivity has the opposite effect -the diversity is even more depressed (Huston 1994) . In Kongsfjord, the glacier-induced disturbance was accompanied by a decrease both in species number and in evenness of the distribution of individuals among the species. The few disturbancetolerant species dominated the glacial bay community. Experimental evidence indicated that the deposition of a layer as thin as 3 mm of terrigenous sediments was sufficient to reduce the number of species in a soft sediment benthic community, and the rare species were eliminated first . In Kongfsjord the number of species was highest in a 'transition zone' (the TRANS association), where the fauna consisted of species of both adjacent communities, a pattern consistent with the predictions of the IntermediateDisturbance Hypothesis (Huston 1979) . The intermediate levels of bioturbation increase benthic diversity as the depth of oxygenated layers, and thus the effective volume of substrate, is higher in bioturbated sediments (Widdicombe et al. 2004) . The intermediate levels of physical disturbance of sediments in an Arctic fjord promote the co-existence of tube-building sedentary polychaetes (dominating in the CENTR association) and mobile detritus-feeding bivalves and polychaetes (dominating in the GLAC association, WlodarskaKowalczuk & Pearson 2004) , which are likely to compete for space and food in stable conditions (Wilson 1991) .
The decrease in species diversity as one approaches the glacier is consistent with patterns described for different disturbance gradients. Surprisingly, taxonomic distinctness did not follow that trend; it was highest in the glacial bay and its variance was lowest there, i.e. species were evenly distributed across the hierarchical taxonomic tree . In several cases a decrease in taxonomic distinctness and increase in its variance followed events of anthropogenic disturbance, or environmental deterioration (Warwick & Clarke 1995 , Warwick et al. 2002 , even if the species diversity indices remained constant or even increased. For this reason it has been proposed as a very sensitive method for detecting disturbances and environmental changes. Its usefulness in disturbance studies has been promoted on the basis that 'in grossly perturbed situations communities are maintained in an early stage of succession and often comprise guilds of closely related sibling species' . Some cases have been reported where taxonomic distinctness measures did not show the effect of severe environmental contamination (Somerfield et al. 1997) , thus raising doubts about the universal applicability of taxonomic distinctness indices in the detection of disturbance effects. In the disturbed environment of the glacial bay we obviously do not have a small set of closely related species; instead we have a taxonomically diverse group of species well adapted to the environment in which they live. This difference from classical disturbance assemblages may stem from the 'longer history' of this natural disturbance compared to relatively 'recent' anthropogenic disturbances or the 'chronic' and 'predictable' character of disturbance in the glacial bay, in contrast to many anthropogenic events of more 'episodic' and 'unpredictable' character. That might allow several unrelated groups of animals to find their ways to adapt.
Functional group diversity may be a better determinant of ecosystem function than species richness. In Kongsfjord, both biodiversity metrics and trophic complexity become higher with distance from the glacier, agreeing well with other studies. The simplification of functional structure in disturbed communities has been described for cases of organic pollution (Pearson & Rosenberg (1978) and dredge disposal (Rhoads et al. 1978) . Bonsdorf & Pearson (1999) noted a decrease in the number of trophic groups along a gradient of disturbances connected with lowered salinity in the Baltic Sea. Even if the identity of the dominant guild differs in cases of organic pollution (mobile tubiculous subsurface detritus feeders, Pearson & Rosenberg 1978) or dredge disposal (tube-dwelling surface-detritus feeders, Rhoads et al. 1978 ) from those in the glacial bay (mobile surface-detritus feeders), the decrease in functional group diversity in disturbed communities is similar in all cases. In areas not experiencing the disturbance, the simple, 'pioneer' communities with simpler benthic infaunal food webs dominated by one functional group are replaced by more complex communities composed of animals from a wide range of size and functional types, presumably exploiting more resource niches (creating more complex food webs).
The relation between benthic variability and beta diversity and disturbance is unclear. In the glacial bay the β diversity and faunal dispersion was lower than in other parts of the fjord. Kendall et al. (2003) studied multiscale patterns of species turnover in a northern part of the Kongsfjord glacial bay. They found the fauna in the inner basin of Kongsfjord to be very homogenous (50% similarity between samples separated by 2 km, and no difference in similarity between pairs of samples taken at the same station or 500 m apart). A comparison of species accumulation curves for Kongsfjord associations indicates that the pool of species in the glacial bay is relatively low. There are fewer species available to possibly vary among samples, and the variability is simply limited to some changes in the dominance pattern of a small set of dominants. Warwick & Clarke (1993) presented several examples of increased variability of marine communities connected with increased level of perturbation. They proposed the IMD as a measure of community dispersion -a possible symptom of anthropogenic disturbance effects. However, no increase in variability, as expressed by the IMD or other measures, was observed in studies of effects of mine tailings discharge (Lancellotti & Stotz 2004) , organic pollution (Krassulya 2001) , sewage discharge and waste dumping (Chapman et al. 1995 , Stark et al. 2003 .
CONCLUSIONS
We have presented a case of a high-latitude fjord in which chronic physical disturbance of natural origin is accompanied by low organic matter input. This combination affects benthic abundance (density, biomass) and diversity (species richness, evenness, taxonomic distinctness, functional and structural diversity, β diversity) (Fig. 6) . The benthic communities in nearglacier bays are dominated by small-bodied mobile surface-deposit feeders and characterised by low biomass, low species richness and low species diversity. A comparison of our data with published cases of various disturbances of different natural and anthropogenic origins indicates that the patterns of density, biomass, species richness, species diversity and functional group diversity are similar, regardless of the disturbance source. Even at the contrasting levels of organic matter input near the source of glacial disturbance and organic enrichment (Pearson & Rosenberg 1978) the patterns in standing stock (decrease in biomass, the highest density in transitional zone) remain similar. The trends in taxonomic distinctness, beta diversity and faunal dispersion are more variable and depend on the nature of the stress-generating factors. This suggests that the measures of taxonomic distinctness and faunal variability should be treated with more caution before being recommended as the universal diagnostic indicators of disturbance in benthic biota.
